INTRODUCIION
Effective medium theory for small non interacting particles in a dielectric [l, 21 predicts substantial enhancements of the nonlinear response of the composite for optical frequencies near the surface plasmon resonance (SPR) frequency. This enhancement is due to local field effects and results from dielectric confinement. A significant problem with metal colloid-glass composites for device applications is that both the linear and nonlinear absorption in general increase near the surface plasmon resonance frequency. This increase in absorption has deleterious effects on the relative figures of merit for devices operating near these SPR frequencies using these matenals. [3, 41 Even away from the SPR frequencies, linear and nonlinear absorption can limit device possibilities. The ability to form metal colloid-glass composites with large nonlinear responses while exhibiting smaller absorption losses could signtficantly improve the feasibility of these materials for optical devices.
colloids formed by the implantation of Sb. Sb was chosen because its electronic structure does not give rise to a surface plasmon resonance in the 200 to 900 nm wavelength region. [5, 6] We compare the results for the Sb metal colloids to those for Ag colloids.
Here we report the modification of the optical response of nanometer dimension metal I EXPERIMENTAL Sb ions were sequentially implanted in Corning 7940 high purity silica substrates. The Sb ions were implanted at 320 keV with a substrate temperature of -270" K and a current density of -2 parnps/cm2. Nominal doses of 3,6 and 9x10l6 ions/cm2 were used. For comparison an Ag implanted sample with a nominal dose of 6x1016 ions/cm2 was fabricated. The Ag ions were implanted at 305 keV with substrate temperatures of -270" K and a current density of -2 pamps/cm2. The implantation energy for the Ag was chosen from calculations using TRIM 89 [7] to target an energy that would have the same depth of implantation as the Sb.
measure the depth profiles of implanted species. Transmission electron microscopy was done on all samples. Details of sample preparation are reported elsewhere. [8] Standard bright field (BF) Rutherford backscattering (RBS) measurements with 2.3 MeV He* ions were used to imaging was used to observe the implanted layer and selected area electron diffraction was used to analyze the metal colloids formed in the silica wafers.
Linear optical absorption measurements were made at room temperature in air from 900 to 200 nm using a dual beam spectrometer (Cary 5). All samples were measured using an unimplanted sample in the reference beam. The absorption spectra were measured at three different positions on each sample and are reported as optical density (OD). The scatter in these measurements at these different positions was less than 1%. The nonlinear index of rehction was measured at 596 and 617 nm for the samples using the 2-scan method. [9] The laser used for these experiments was a cavity dumped tunable dye laser with a 6 ps pulse duration. The laser was operated at 3.8 MHz. The average power was 250 mW for 596 nm and 200 mW for 617 nm in the TEM, mode and the peak irradiance for a focal spot of 25 mm radius was 5x108 W/cm2 for 596 nm and 4x108 W/cm2 for 617 n m The error in these measurements was less than 20 9%.
RESULTS
The distributions of ions as a function of depth from the surface are gaussian in shape with a peak at 0.14 microns for the Sb samples. The full width at half maximum (FWHM) for the Sb implanted sample is 0.14 microns. This value, 0.14 microns, was used to calculate values for n;! and a. For the Ag implanted sample the distributions of ions as a function of depth from the surface is also gaussian in shape with a peak at 0.13 microns and FWHM of 0.09 microns.
implanted sample and the 6x1016 Ag implanted sample respectively. Approximately spherical colloids are fomed in both implantations. Figure 3 shows the optical spectra as a function of photon wavelength for the samples implanted with Sb and Ag. The absorption in all the samples increases w i t h decreasing wavelength w i t h an approximate lfi dependence and exhibits no distinguishing features. The total absorption throughout the spectral region increases with increasing dose. Figure 3 also compares the 6 Sb and 6 Ag implanted samples. The absorption spectra for the Ag implanted sample is dominated by an absorption peak at -400 nm and a shoulder at -520 nm. Table I lists the linear and nonlinear optical coefficients for the samples at 596 nm for all hree Sb samples and the 6Ag sample. Table I also lists the linear and nonlinear optical coefficients :or the samples at 617 nm for the 6Sb and 6Ag implanted samples. The nonlinear coefficients were calculated using the formalism from reference [ 81. At 596 nm the linear absorption coefficient,a, and the nonlinear index of refraction, n2, increase ~ with increasing Sb concentration. In comparison, the 6Ag sample has the same n2 as the 9Sb sample however the 6Ag sample has more than twice the linear absorption. Nonlinear absorption was not detected in any of the Sb implanted samples, while the 6Ag sample shows a saturation of the nonlinear absorption, p, as indicated by the negative sign in Table I . At 617 nm n;! for the 6Ag sample has decreased a factor of -2 while its linear absorption decreased -30 % compared to that at 596 nm. The n2 for the 6Sb sample remains constant though a decreases by -10 % from the values measured at 596 nm.
Discussion:
The optical properties of these metal colloid -glass composites can be described using effective medium theory for small non interacting particles in a dielecmc.[l,2] The linear response for colloids with diameters less than U20, where h is the wavelength of the incident radiation, is reasonably described by effective medium theory in the electric dipole approximation [l,lO] and is given by where a is the absorption coefficient, E@) = & I + i €2 is the dielectric constant of the metal, p is the volume fraction of the metal particles and absorption is expected to exhibit a maximum at the surface plasmon resonance frequency for which the condition e1+2ni = 0 is met. The surface plasmon resonance frequency depends on the electronic properties of the metal colloids and on the index of refraction of the host dielectric, nd .
The third order nonlinear susceptibility, x,$i , can be expressed as[ 1 J is the index of refraction of the dielectric host. The where fc(o) is the local field factor and xg) is the nonlinear susceptibility of the metal colloids.
The index of refraction and the intensity dependent term are related to the above quantities by[l 11 n = n,+n2I
(3)
where no is the linear index of refraction and n2 is the intensity dependent component. From equation (2) a potentially large enhancement of the effective nonlinear susceptibility and in t u n n2 near or at the surface plasmon resonance frequency is possible due to local field effects.
While part of the linear absorption in the ultraviolet may be attributed to defect centers, based on prior work we expect that the absorption will be dominated by the presence of the metal colloids. [ 
J
From equation (1) the opticd properties depend explicitly on the electronic properties of the metal colloids through ~( h ) and on the index of refraction of the host dielectric, q, while depending implicitly on particle size through ~( h ) .
Assuming that q remains constant for the host dielectric, we will not consider it further and will instead consider the metal particle contributions to From Figure 1 the TEM measurements reveal that the particles are approximately spherical in shape for all samples. Because the shape is similar for all implants we do not expect any changes in the optical spectra based on particle shape differences. However the colloids are larger for the 6Ag implanted sample than for the Sb implanted samples.
For Sb implanted samples there is no indication of a surface plasmon resonance absorption in the optical absorption spectra. We attribute the increasing absorption with decreasing photon wavelength in these samples to the formation of Sb nanometer dimension colloids. The dielectric properties of the Sb clusters are such that the condition e1+2ni = 0 is not satisfied [5] and therefore these samples do not exhibit a distinct surface plasmon resonance absorption feature. However the spectra does exhibit an approximate 1A dependence behavior expected from equation (1) for nanometer dimension colloids. We attribute the increasing absorption with dose to the increase in volume fraction of metal colloids formed with increasing dose.
The optical spectra of the 6Ag sample exhibits the characteristic absorption due to the surface plasmon resonance of nanometer dimension Ag colloids. [7, 10, 12] We attribute the peak at 400 nm in the 6Ag sample to Ag colloids < 25 nm in diameter. [ 10, 121 With an increase in particle size additional higher order terms than the dipole term from Mie theory are required to describe the absorption observed. We attribute the shoulder at 520 nm in the 6Ag sample to the quadrupole term from Mie theory. [7, 10, 12] The optical properties of the Sb implanted samples are clearly different than those of the Ag sample. From equation (1) The value for n2 at 617 nm has not changed for the 6Sb compared to that at 596 nm. The value for n2 at 617 nm for the 6Ag sample decreases 60 %. While the 112' s for the 6Sb and 6Ag samples are the same at 617 nm the 6Ag sample has -4 times the linear absorption. The lack of change in n2 for the 6Sb sample and the rapid decrease in n2 for the 6Ag with wavelength suggest that different mechanisms may dominate the nonlinear responses for these elemental colloids.
Reference 1 gives a review of the various mechanisms. Using n d a as a figure of merit (FOM), at 596 nm the 6Sb, 9Sb and 6Ag samples have FOM of 0.7,0.6 and 0.3. As the Sb samples do not have a surface plasmon resonance and we are far off the surface plasmon resonance frequency for the Ag colloids we anticipate only minimal enhancements of the nonlinear response due to local field effects. We conclude the behavior of the values of n2 as a function of h arise from differences in the &) of the metal colloids. These results suggest there are metal nanometer dimension colloids, that while not showing a SPR enhancement at wavelengths away from the SPR, can have better figures of merit.
The z-scan technique measures both the thermal and electronic contributions to the nonlinear index. Previous nonlinear measurements on Cu colloids with similar absorption formed by ion implantation have been reported. [8] Using similar wavelength, power, repetition rate and pulse width of the laser the thermal loading of the sample was found not to dominant the response because of the relatively Long interpulse spacing (263 ns) even though the 6 ps pulse duration is comparable to the electron thermalization times of the Cu colloids. [8] Based on the above discussion we conclude that the nonlinear response is either dominated by or has a significant contribution from electronic mechanisms. a .,
CONCLUSIONS
From these results we suggest that some metallic colloids even though they do not exhibit a surface plasmon resonance frequency may be better for devices because of lower linear absorption yielding substantially better figures of merit for device applications.
